Objective: To study the role of increased sympathetic tone in pathogenesis of hypertension in patients with essential hypertension with neurovascular compression. Methods: Twenty-three patients with essential hypertension, 13 patients with secondary hypertension, and 46 normotensive subjects were investigated. Neurovascular compression was evaluated by MRT. The power spectral components of heart rate variability as indices of autonomic nerve tone were determined to investigate the possibility that sympathetic tone mediates the neurovascular compression-induced increase in blood pressure. Results: Neurovascular compression of the rostral ventrolateral medulla (RVLM) was observed in 70% of essential hypertension group, none of secondary hyperension group and 16% of normotensive group (P Ͻ 0.001). The age-adjusted low-frequency power spectral density (A-PSD) (0.04 to 0.15 Hz), which is an index of
Introduction
The rostral ventrolateral medulla (RVLM) plays a central role in the neural control of the circulation. 1, 2 Electrical stimulation of the RVLM increases blood pressure and sympathetic nerve activity. 3 Neurovascular compression of the RVLM has been proposed as a cause of essential hypertension in a surgical case, 4 an angiographic study, 5 and more recent magnetic resonance tomography (MRT) studies. [6] [7] [8] [9] Nagashi et al 10 have suggested that a large portion of cases of essential hypertension can be explained by neurovascular compression. However, there has been no clinical study of the mechanism of the neurovascular compression-induced increase in blood pressure. We investigated the frequency of neurovascular compression of the RVLM in patients with essential hypertension and whether compression is accompanied by an increase in sympathetic nerve activity using spectral analysis of heart rate variability.
Materials and methods

Subjects
We studied 23 subjects with essential hypertension, 13 patients with secondary hypertension, and 46 normotensive subjects who were in-patients or outpatients at the Second Department of Internal Medicine of Kanazawa University (Table 1) . None of the subjects received any medication for the 4 weeks preceding the study. Essential hypertension was diagnosed on the following criteria: (1) blood pressure of Ͼ160/90 mm Hg in the sitting position on two separate occasions, and (2) the exclusion of secondary hypertension based on routine screening tests. The underlying cause of hypertension in the secondary hypertension group included renal paranchymal hypertension in eight patients, primary aldosteronism in one patient, Cushing's syndrome in two patients, pheochromocytoma in one patient and pregnancy-induced chronic hypertension in one patient. There were no significant differences in age or the duration of hypertension among groups. Informed consent was obtained from all subjects.
MRT study
MRT was performed using a 1.5 Tesla Signa (General Electric, Fairfield, CT, USA) with a head coil. We obtained axial and coronal T2-weighted studies (SPGR: TE 4000, TR 105). A high resolution 256 × 192 matrix was used to estimate the precise distance between the brain parenchyma and the artery. Slice thickness was 3.0 mm and interslice gaps were covered in a second measurement. Magnetic resonance (MR) angiogram were performed to determine the three-dimensional courses of the basilar artery, the bilateral vertebral arteries, and their branches, using the time of flight (TOF) method with magnetisation transfer contrast pulse (FSE:TR500, TE 11 angle [90], 40 ms/8 ms/16 degree).
Neurovascular compression was defined as a visible vascular loop in the T2-weighted image or on the MR angiogram with its convexity impinging on the ventrolateral medulla at the level of the rootentry zone of the cranial nerves XI and X. Subjects were randomly assigned to MR examinations to avoid a group-dependent influence on later assessment by the observer. An MR number was assigned to on study entry. The studies were interpreted independently by two neuroradiologists and a neurosurgeon, who were unaware of the subjects' diagnose and blood pressures.
Spectral analysis of heart rate variability
Subjects were instructed to avoid beverages containing alcohol or caffeine for 24 h preceding the study. At leat 2 h after a light meal, subjects were studied in an air-conditioned (24°C) and light-attenuated room between 2.00 and 4.00 pm. A lead II electrocardiogram was monitored continuously. The analog signals were digitised at a rate of 500 Hz (IO data) and stored on an NEC personal computer (PC9821 Na13). After a 10-min acclimatisation period with subjects in the supine position, recordings were made for 10 min with subjects in the supine position. Fast Fourier transform (FFT) was applied to a series of 256 consecutive and stationary cardiac intervals using software developed at our department. A preliminary study showed age-dependent decreases in the power spectral density and a negative correlation between age and the logarithmic value of power spectral density. Therefore, we used age-adjusted low-frequency power spectral density values (A-PSD). Age and the PSD showed a significant (P Ͻ 0.01) negative correlation in 45 normotensive subjects ( Figure 1 ). The PSD was calculated according to a regression curve formula as follows:
A-PSD (%) = (PSD − (−0.016 × age −5.18)) × 100 + 100 (LF); A-PSD (%) = (PSD − (−0.023 × age −5.29)) × 100 + 100 (HF).
Statistical analysis
Values are expressed as the mean Ϯ s.e. Data were analysed by the Mann-Whitney U-test or analysis of variance followed by Bonferroni's method. A P value Ͻ0.05 was accepted as indicating a significant difference. Calculations were performed using StatView (Brain Power, Inc, Miami, FL, USA) on a Macintosh Power Mac 7300/200 computer (Apple Computer, Inc, Cupertino, CA, USA). Table 2 Characteristics of study subjects
Numbers of cases of neurovacular compression of the rostral ventricular meddula. PICA indicates posterior inferior cerebellar artery; VA, vertebral artery. *Indicates P Ͻ 0.001 compared for the other groups.
Results
MRT study
The quality of MRT studies was good in 81 (99%) of 82 studies; the poor-quality study in a normotensive subject was excluded from the following analysis. The representative MRI imaging in which neurovascular compression of the RVLM was observed was shown in Figure 1 . Neurovascular compression of the RVLM was observed 16 (70%) of 23 patients with essential hypertension, in none of the 13 patients with secondary hypertension and seven (16%) of 45 normotensive subjects ( Table 2 ). The rate of neurovascular compression was significantly higher in the essential hypertension group than in the secondary hypertensive group and the normotensive group (P Ͻ 0.001 for both).
Power spectral analysis
The low frequency-PSD of patients with essential hypertension with neurovascular compression showed an upward shift ( Figure 2) . A-PSD of low frequency (LF: 0.04 to 0.15 Hz) was significantly higher in patients with essential hypertension (139.5 shows correlation of high-frequency PSD component. Regression curves are shown using the data from 45 normotensive subjects. In order to consider the fluctuations in heart rate relative to the mean heart rate of each subject, the power spectrum of heart rate is normalised by mean heart rate squared. Thus, the PSD shown are expressed in units of per Hz·s. (b) essential hypertension with neurovascular compression; () essential hypertension without neurovascular compression; (̅) secondary hypertension; (᭺) normotension with neurovascular compression; (⊕) normotension without neurovascular compression.
Journal of Human Hypertension Ϯ 6.7%) with neurovascular compression than in essential hypertension patients without neurovascular compression (92.2 Ϯ 6.8%), normotensive subjects with (102.8 Ϯ 13.0%) and without neurovascular compression (100.1 Ϯ 4.1%), and patients with secondary hypertension (95.7 Ϯ 10.2%) (P Ͻ 0.001). There was no significant difference in the high-frequency A-PSD (HF: 0.15-0.40 Hz) among groups ( Figure 3 ).
Discussion
The present findings showed that neurovascular compression was associated with hypertension and suggest that neurovascular compression may play a role in essential hypertension. Janneta and his colleagues observed neurogenic hypertension in surgical cases and suggested that pulsatile compression of the lateral medulla oblongata may cause arterial hypertension. 4 The results of clinical studies 11, 12 and a microanatomical study 13 support this concept. Kleineberg et al 5 also found evidence suggesting that essential hypertension is related to neurovascular compression in an angiographic study. Recently, MRT accurately and non-invasively assesses the neurovascular relations and neurovascular compression in the posterior fossa. 6, 7 Clinical studies using MRT have suggested that the neurovascular compression may cause hypertension has been reported. 8, 9, 13 The frequency of neurovascular compression of the RVLM has been found to be high in German, 9 Italian 14 and Japanese 8,9 patients with essential hypertension. These observations suggest that neurovascular compression of the RVLM may play an important role in the pathogenesis of essential hypertension.
An important issue is whether neurovascular compression of the RVLM is a cause or a consequence of hypertension. It is possible that longstanding hypertension per se causes arterial sclerosis and elongation, leading to neurovascular com- Figure 3 Comparison of age-adjusted power spectral density (A-PSD) in patients with essential hypertension without neurovascular compression (EHT(−)), patients with essential hypertension with neurovascular compression (EHT(+)), patients with secondary hypertension (S), normotensive subjects with neurovascular compression (NT(+)), and normotensive subjects without neurovascular compression (NT(−)). *P Ͻ 0.001 for the other groups.
pression. To exclude this possibility, we studied 13 patients with secondary hypertension as case controls. If persistent hypertension could be a cause of neurovascular compression, the ratio of positive evidence of neurovascular compression should be same between essential hypertension and secondary hypertension, because there was no difference in the duration of hypertension between patients with essential hypertension and patients with secondary hypertension in the present study. Whereas the positive ratio of neurovascular compression was found to be high in patients with essential hypertension than that in secondary hypertension. The present results indicate that neurovascular compression was a cause not a consequence of hypertension.
Neurovascular compression of the RVLM in essential hypertension is reported more frequent on the left side. 8, 10 However, in the present study and in a study by Morimoto et al, 9 neurovascular compression of the RVLM was found on both sides with equal frequency. Because the pressor role of the RVLM is not associated with laterality, 14, 15 this discrepancy may not be important.
We used power spectral analysis of heart rate variability to investigate whether neurovascular compression is accompanied by increased sympathetic nerve activity. Power spectral analysis of heart rate variability has been used to assess the autonomic control of the cardiovascular system. [16] [17] [18] [19] Two major spectral components, ie, a low-frequency component (0.04 to 0.15 Hz) and a high-frequency component (0.15 to 0.40) have been identified. [16] [17] [18] [19] The low-frequency component reflects the Mayer waves, which are modulated by sympathetic neurons with vagal modulation, 20, 21 increases when a person is standing, and is blocked by intravenously administered propranolol. 16, 22, 23 Thus the low-frequency component is believed to be an index of sympathetic activity. The high-frequency component is thought to be a quantitative index of parasympathetic activity, 16, 22, 23 because it reflects respiratory sinus arrhythmia, which is modulated by cardiac vagal tone, 24, 25 decreases when a person is standing, and is blocked by intravenously administered atropine. 16, 22, 23 Patients with essential hypertension with neurovascular compression showed relatively high values of low-frequency PSD compared with the other groups in the present study (Figure 2 ). However, because the age-related changes in PSD were too great to permit analysis of inter-group difference, we calculated the age-adjusted PSD (A-PSD). This adjustment seems justified because it is well known that heart rate variability in healthy subjects is related to age. 26 In the present study, the lowfrequency A-PSD was significantly higher in patients with essential hypertension with neurovascular compression compared with patients with essential hypertension without neurovascular compression, normotensive subjects and patients with secondary hypertension. This finding suggests that neurovascular compression may increase blood pressure via an increase in sympathetic tone. Several human clinical studies have shown that neurovascular compression is associated with essential hypertension and have supposed that the neurovascular compression-induced increase in sympathetic nerve tone caused hypertension, but there has been no clinical evidence to confirm this hypothesis. Our findings may be the first one which confirm above hypothesis and will provide the way to study the mechanisms of neurovascular hypertension.
Meisel et al 27 reported that there were no difference in PSD between patients with essential hypertension and secondary hypertension. The main reason for this discrepancy may be due to presence of age-adjustment (age-adjustment was done in our study and not in Meisel 27 ). Without age-adjustment, the age-related changes in PSD were too great to permit analysis of inter-group difference.
Neurovascular compression was present in 16% of normotensive subjects in the present study, but power spectral analysis showed no increase in sympathetic tone in these subjects, suggesting that neurovascular compression judged by MRT does always stimulate the RVLM. We speculate that factors such as the exact location, distance from the RVLM 9 and strength of the compression may determine whether or not neurovascular compression accompanied by increased sympathetic tones leads to hypertension. In the present study, neurovascular compression and increased sympathetic tone were present in 70% of patients with essential hypertension. Thus, this mechanism may be responsible for more than half of cases of essential hypertension. The pathogenesis of the remanding cases of hypertension is still unknown. To confirm our results, it would be useful to examine the effects of the drugs that suppress central sympathetic outflow using, for example, clonidine suppression test. 28 Essential hypertension is reported to have genetic characteristics in some patients. 29 In the present study, some patients with essential hypertension had a strong family history of hypertension. If neurovascular compression is the cause of hypertension, the hypertensive relatives should also have neurovascular compression. Further studies including evaluation of family members are needed.
